Emissions of nitrous oxide (N 2 O), a potent greenhouse gas, from agricultural soil have been recognized to be affected by nitrogen (N) application and temperature. Most of the previous studies were carried out to determine effects of temperature on N 2 O emissions at a fixed N application rate or those of N application rates at a specific temperature. Knowledge about the effects of different ammonium (NH 4 + ) application rates and temperatures on N 2 O emissions from tropical agricultural soil and their interactions is limited. Five grams of air-dried sandy loam soil, collected in Central Vietnam, were adjusted to 0, 400, 800 and 1200 mg NH 4 -N kg -1 soil (abbreviated as 0 N, 400 N, 800 N and 1200 N, respectively) at 60% water holding capacity were aerobically incubated at 20°C, 25°C, 30°C or 35°C for 28 days. Mineral N contents and N 2 O emission rates were determined on days 1, 3, 5, 7, 14, 21 and 28. Cumulative N 2 O emissions for 28 days increased with increasing NH 4 + application rates from 0 to 800 mg N kg -1 and then declined to 1200 mg N kg -1 . Cumulative N 2 O emissions increased in the order of 35°C, 20°C, 30°C and 25°C. This lowest emission at 35°C occurred because N 2 O production was derived only from autotrophic nitrification while other N 2 O production processes, e.g., nitrifier denitrification and coupled nitrification-denitrification occurred at lower temperatures. More specifically, cumulative N 2 O emissions peaked at 800 N and 25°C, and the lowest emissions occurred at 1200 N and 35°C. In conclusion, N 2 O emissions were not exponentially correlated with NH 4 + application rates or temperatures. Higher NH 4 + application rates at higher temperatures suppressed N 2 O emissions.
Introduction
Nitrous oxide (N 2 O), a potent greenhouse gas with a global warming potential 310 times that of CO 2 for a 100-year timescale (Smith et al. 2007) , in agricultural soil mainly comes from microbial processes, nitrification and denitrification. Many studies reported that N 2 O emissions from soil were dependent on temperature (McKenney et al. 1980; Smith et al. 1998; Bagherzadeh et al. 2008; Benoit et al. 2015; Nag et al. 2016) . Net N 2 O production from denitrification increased with increasing temperature in the range of 4-25°C (McKenney et al. 1980 ). An exponential relationship between N 2 O flux during denitrification from a cut grassland site and soil temperatures was observed at 12-32°C (Smith et al. 1998) . A study conducted to determine temperature dependence of N 2 O production of a luvisolic soil in batch experiments at seven temperatures from 5°C to 45°C showed that N 2 O emissions increased with increasing temperatures at 20-45°C from nitrification and at 5-45°C from denitrification (Benoit et al. 2015) . However, their experiments were carried out at a lower content of ammonium (NH 4 + ) (30 mg N kg -1 ) in a relatively short incubation time (4 h) with a studied soil belonging to temperate zones (daily average temperature between -2°C and 16.5°C). On the other hand, Zhang et al. (2016a) showed N 2 O emissions slightly fluctuated between 8. 0-10.6, 8.8-11.0 and 8.3-10 .6 μg kg
from a pine forest, an oak forest and a subalpine meadow, respectively at three different incubation temperatures (8°C, 18°C and 28°C ). It may be because the N 2 O emission rates were not significantly correlated with the soil temperature in the mountain forest-meadow ecosystem (Zhang et al. 2016a) . Under aerobic conditions, N 2 O emissions were generally greater with urea than other nitrogen (N) fertilizers, including ammonium nitrate, calcium nitrate, ammonium sulfate, monoammonium and di-ammonium phosphates and were associated with nitrite (NO 2 -) accumulation (Tenuta and Beauchamp 2003) . Previous studies indicated that increasing NH 4 + application rates from 0 to 400 mg N kg -1 soil have been shown to increase nitrification and N 2 O emissions (Well et al. 2008; Huang et al. 2014) . However, a high NH 4 + content (≥1000 mg N kg -1 soil)
could inhibit nitrification and reduce N 2 O emissions (Deppe et al. 2017) . Most of the previous studies were carried out to determine specific effects of temperature at a fixed N application rate on N 2 O emissions from agricultural soils (Smith et al. 1998; Benoit et al. 2015) and different ecosystems (Zhang et al. 2016a) or to examine those of different N application rates at a specific temperature (Gödde and Conrad 1999; Acton and Baggs 2011; Deppe et al. 2017) . Other studies were to examine the relationships between different N sources and N 2 O emissions (Tenuta and Beauchamp 2003) or the inhibition of nitrification and N 2 O derived from nitrification at NH 4 + contents higher than 1000 mg N kg -1 (Deppe et al. 2017) . Studies about temperature dependence of N 2 O emissions from agricultural soils were conducted in a shortterm laboratory incubation for only 4 h by Benoit et al. (2015) or in a long-term field study over 10 months by Smith et al. (1998) . Our study was designed to examine interactive effects of NH 4 + application rates and temperatures on N 2 O emissions from tropical agricultural soil over 28 days. Their interactions in tropical areas are very important, which will provide useful information on N management for tropical agriculture.
Thua Thien-Hue Province, Vietnam is in the monsoon tropical area, with daily-average ambient temperatures of 20°C in winter and 29°C, occasionally up to 40-41°C, in summer (Nguyen et al. 2005) . The primary source of nutrient input in general was a combination of chemical fertilizer, manure (poultry, pig and cattle) and NH 4 + added compost (ex. Song Huong compost) ( Van and Maeda 2018) . Most rural households in Vietnam grow vegetables, and the total production and cultivation area have increased for the past five years (2011) (2012) (2013) (2014) (2015) (2016) (FAOSTAT 2018b) . Farmers often applied excess N to achieve economic benefits in their vegetable farming systems and croplands. The average fertilizer application rate in Vietnam is 439 kg ha -1 , higher than an average of 154 kg ha -1 for middle income countries (Gross National Income per capita between $1,006 and $12,235) (FAOSTAT 2018a). On the other hand, utilization efficiency of N fertilizer was 46%-86% in Hanoi, leading to N substantial surpluses (Khai et al. 2007) . This surplus N in soil may increase N 2 O emissions and NO 3 -losses to surface and ground waters (Wang et al. 2008; Davidson 2009; Pang et al. 2009; Zhang et al. 2016b; Yi et al. 2017) . The contribution of nitrification and denitrification to N 2 O emissions from agricultural soils was affected by land-use types at a specific temperature. Based on 15 N-tracing incubation experiments at 50% water-filled pore space (WFPS), Liu et al. (2016) reported that nitrification was the main contributor to N 2 O emissions in soils from sugarcane, dairy pasture and cereal cropping systems, while denitrification played a major role in N 2 O emissions in the vegetable soil under the same experimental conditions. Nitrogen application rates and temperature were considered to affect N 2 O production processes and their contributions to the total N 2 O emissions. Our hypotheses were that interactions between NH 4 + application rates and temperatures had significant effects on cumulative N 2 O emissions from a sandy loam soil in Vietnam. Nitrous oxide emissions would be inhibited at a specific NH 4 + application rate or temperature because of their interactions.
Materials and methods

Soil
Surface soil (0-10 cm) was collected from a field used for intensive vegetable cultivation in Phu Mau Commune, Phu Vang District, Thua Thien Hue Province, Vietnam (16°29ʹ53 N, 107°34ʹ47 E) in June 2017. The soil was classified as Fluvisol (FAO-ISRIC, 1990) , with the texture of sandy loam (63% sand, 23% silt and 14% clay). This field had been planted in rotation with mustard (Brassica juncea) and amaranth (Amaranthus mangostanus) prior to the sampling in 2017. Air-dried soil was passed through a 2-mm sieve and characterized: pH ; TN 0.7 g N kg -1 and C/N ratio 13. Nitrite (NO 2 -) was not found. Analytical methods were the same as in Section 2.4.
Soil incubation experiments
Aerobic incubations were performed in 125-mL glass bottles that contained 5 g air-dried soil and 0, 0.39, 0.79, and 1.18 mL of (NH 4 ) 2 SO 4 5000 mg N L -1 solution mixed with 1.42, 1.03, 0.63, and 0.24 mL of deionized water to achieve 0, 400, 800, and 1200 mg N kg -1 soil, coded 0 N, 400 N, 800 N, and 1200 N, respectively at 60% water holding capacity (WHC), equivalent to 40% WFPS or a gravimetric water content of 0.30 g g -1 dry soil. These bottles were covered with a piece of polyethylene plastic film that allowed gaseous exchange and prevented evaporation, then kept in incubators at 20°C, 25°C, 30°C, or 35°C for 28 days. All incubation experiments were performed in triplicates (336 bottles in total).
Measurement of nitrous oxide concentration
Gas samples for N 2 O measurements were collected 3 h after starting incubation (day 1) and on days 3, 5, 7, 14, 21, and 28. The background N 2 O concentration in the laboratory air was measured. The water lost by evaporation was compensated weekly by adding deionized water using a micro pipette to the pre-specific weight.
On days 1, 3, 5, 7, 14, 21, and 28, the incubation bottles were flushed with the laboratory air for 30 s by using a mini pump (MP-2N, Shibata, Japan) and closed by a butyl rubber septum for 3 h. After that, air pressure of these bottle samples was measured by an air pressure gauge (Handy manometer, NIDEC Copal Electronics, Japan). Nitrous oxide concentration was determined by injecting 0.5 mL of headspace gas samples to a gas chromatograph (GC-8A, Shimadzu, Japan) (coefficient variation, CV was 1.3% at 1.5 ppm) equipped with an isothermal (ambient to 350°C) 63 Ni-containing electron capture detector (ECD).
A N 2 O emission rate was calculated by using the following equation:
where F i is the N 2 O emission rate (mg kg -1 h -1 ), t is the closing time before collecting the gas (h), ρ is the density of N 2 O (1.25 kg m
is the volume of liquid phase, α is the Bunsen absorption coefficient for N 2 O at 20°C (0.63), 25°C (0.54), 30°C (0.46), or 35°C (0.40), W (kg) is the oven-dry weight of soil, and T is the temperature (°C) at measurement. The background N 2 O concentration was subtracted from the measured concentration prior to data analysis. Cumulative N 2 O emission was calculated from the integrated flux over the incubation period (by integration of N 2 O fluxes over period (days) from one measurement to the next).
After the completion of gas measurement on days 1, 3, 5, 7, 14, 21, and 28, these soil samples were extracted to determine pH, and mineral N contents (NO 3 -, NO 2 -, and NH 4 + ).
Soil analyses
All soil samples were subjected to measurement of pH at a soil: water ratio of 1:5 after shaking at 175 rpm for 1 h, using a digital pH (F-23, Horiba, Japan).
Total carbon (TC) and nitrogen (TN) contents of soil were determined by the dry combustion method using a NC analyzer (NC-22F, Sumika-Bunseki Center, Japan 
Results
Soil pH and mineral N contents
Ammonium addition lowered soil pH by up to 1.5 units for 28 days, and pH value was generally the lowest in the 1200 N treatment (Fig. 1 , p < 0.05). In addition, pH values of the N-added treatments at 35°C and 1200 N at 30°C significantly declined to less than 5 after 7 days while those at 20-25°C did after 14 incubation days.
Soil mineral N contents in the N-added treatments were greater than in the 0 N treatment over the entire period, except for NO 3 -contents at 20°C and NO 2 -on day 1 (Fig. 1) . Soil NH 4 + contents in 400 N and 800 N treatments slightly decreased in the first week after NH 4 + application. The NH 4 + contents in the 1200 N treatment were the lowest on day 21 at 20-25°C compared to other days while they were not significantly different at 30°C and 35°C after 7 incubation days (p < 0.05). Soil NO 3 -contents sharply increased in the 1200 N treatment at 30°C and in the N-added treatments at 35°C on day 7, and their contents were higher than those at 20°C and 25°C (p < 0.05). With a decrease in NH 4 + contents, soil NO 2 -contents in the N-added treatments increased and achieved the highest values on day 7 at 25-35°C, and then decreased toward 28 incubation days, except for 1200 N at 30°C and 400 N treatments at 35°C (Fig. 1) . Overall, the results showed that increasing temperature resulted in a decline in soil NO 2 -contents and an increase in NO 3 -in 400 N, 800 N and 1200 N treatments on day 28.
Nitrous oxide emissions
Nitrous oxide emission rates were higher in the N-added treatments than in the 0 N treatment, increased from day 1 to day 14 or 21 and then decreased on day 28, except for the 1200 N treatment at 20°C (Fig. 2 ). Peak N 2 O emissions in the N-added treatments occurred after the second week of NH 4 + applications at 20°C and 25°C, while those were achieved on day 7 or day 21 at 35°C. At 20-30°C, 400 N and 800 N treatments had the same pattern in N 2 O emission rates, the peaks appeared on day 14 and then decreased toward the end of the incubation period while in the 1200 N treatment, N 2 O emissions peaked on day 21 or even increased toward day 28 at 20°C. Significant differences were observed in cumulative N 2 O emissions among 0 N and N-added 
treatments (
N 2 O emissions vs. NH 4 + application rates and temperatures
Results from a two-way ANOVA showed that NH 4 + application rates, temperatures, and their interactions had significant effects on cumulative N 2 O emissions (p < 0.001). Regardless of temperature, cumulative N 2 O emissions were found to increase from 0 to 800 mg N kg -1 but decreased from 800 to 1200 mg N kg -1 (Table 2 and Fig. 3 ). Nitrous oxide emissions in terms of temperature dependence increased in the order of 35°C, 20°C, 30°C, and 25°C (Fig. 3 , p < 0.001).
On the other hand, results showed that cumulative N 2 O emissions were the highest at 800 N and 25°C while the lowest emissions occurred at the highest NH 4 + application rate and temperature, namely 1200 N and 35°C (Table 2 and Fig. 3 ).
Discussion
Effects of NH 4 + application rates on N 2 O emissions
The autotrophic nitrification should be a dominant N transformation process under conditions that soil was at 30-60% WFPS (Bateman and Baggs 2005) , soil pH was above 5 (optimum 7 to 9), and NH 4 + was abundant (after application of NH 4 + based fertilizer) at optimum temperature 25-35°C (Zaman et al. 2007; Zaman and Nguyen 2010; Zaman et al. 2012 ). The present experimental conditions (40% WFPS, pH >5 and abundant NH 4 + ) were favorable for the autotrophic nitrification process. The decrease in NH 4 + accompanied with the increase in NO 3 -in N-added treatments ( Fig. 1 ) indicated that autotrophic nitrification was the predominant N 2 O-producing process. Acton and Baggs (2011) also reported that nitrification was the largest contribution to N 2 O production over 23 days in 360-1100 mg N kg -1 treatments, accounting for 57%-83% of the total N 2 O emissions. On the other hand, the difference between decreased NH 4 + and increased NO 3 -on day 14 (Fig. 1) suggests that other processes occurred, e.g., denitrification, coupled nitrification-denitrification, except at 35°C. The exception related to N 2 O-producing process at 35°C will be discussed later. Zhu et al. (2013) reported that nitrifier denitrification was an important source of N 2 O emissions following urea or ammonium sulfate application to loam, clay, and sandy loam soils. At a NH 4 + content higher than 80 mg N kg or 14 in the present study should be due to nitrifier denitrification and/or coupled nitrification-denitrification.
In the present study, cumulative N 2 O emissions did not increase exponentially with increasing NH 4 + application rates. Cumulative N 2 O emissions were inhibited at NH 4 + content higher than 800 mg N kg -1 at 25°C, 30°C, and 35°C (Fig. 3 ).
This critical NH 4 + content was similar to Acton and Baggs (2011) but not to Deppe et al. (2017) . Acton and Baggs (2011) Deppe et al. (2017) showed that nitrification-derived N 2 O emissions were inhibited at NH 4 + contents more than 450 mg N kg -1 during the 21-day incubation period at 16°C. The difference between the present study and Deppe et al. (2017) would be the contribution of nitrification or denitrification to the total N 2 O production and interactive effects of NH 4 + application rates and temperature. However, mechanisms related to the impacts of NH 4 + application rates on N 2 O production processes were not determined in this study.
Interestingly, there was a different trend in N 2 O emission rates with the highest NH 4 + application, 1200 N at 20°C, 25°C, and 30°C (Fig. 2) . Rates of N 2 O emission still increased on day 28 at 20°C and those peaks appeared later than at other NH 4 + application rates. Those late peaks of N 2 O flux at 1200 N were similar to Acton and Baggs (2011) at the highest application rate, 1400 mg N kg -1
. They suggested that the late peak of N 2 O flux likely reflected a slower growth rate of ammonia oxidizing bacteria. In our study, peaks of NO 2 -content were also broader in the 1200 N treatments than other N-added treatments (Fig. 1) , which was presumably a result of slower growth rates of ammonia oxidizing or denitrifying bacteria.
In the present study, NH 3 toxicity for nitrification could be neglected as shown in Fig. 1 because soil pH in all N-added treatments was less than 6.1 and NH 3 fractions were in the range of 0.04-0.14% at 20-35°C.
Microcosms in our study were immediately incubated after adding water to air-dried soil. The priming effect of the dry-wet condition on microorganisms in soil may affect nitrification and N 2 O emission in soil (Rudaz et al. 1991) . However, this kind of drastic changes in soil moisture sometimes happens in farmland of Vietnam and, therefore, our experimental procedure simulated tropical soil conditions.
Interactive effects of temperature and NH 4 + application rates on N 2 O emissions
Temperature dependence of cumulative N 2 O emissions in our study was different from Benoit et al. (2015) who reported an exponential relationship between N 2 O emissions and temperature at 5-45°C. In the present study, N 2 O emissions peaked at 25°C and decreased to the lowest at 35°C (Fig. 3) . The different trend was presumably due to the different contribution of nitrification and denitrification to the N 2 O emissions. More distinct rises in NO 3 -contents with increasing temperature (Fig. 1) indicated that the conversion of NH 4 + to NO 3 -were greater at higher temperatures.
The NO 2 -contents in the late period (after 7 days) were lower with increasing temperatures (Fig. 1) . This is because more NO 2 -was consumed at higher temperatures by the consecutive nitrification to NO 3 -, nitrifier denitrification, and coupled nitrification-denitrification. The second nitrification step from NO 2 -to NO 3 -did not produce N 2 O unlike nitrifier denitrification or coupled nitrificationdenitrification processes (Wrage et al. 2001) . Differences between NH 4 + reduction and NO 2 -or NO 3 -production in N-added treatments were 65-83, 55-87, 39-82, and 6-8 mg N kg -1 at 20°C, 25°C, 30°C, and 35°C, respectively on day 28 (Fig. 1) . Consequently, the second step of nitrification was the predominant process to reduce NO 2 -at 35°C while the three processes concurrently occurred at lower temperatures. This could be the main reason why N 2 O emissions were the lowest at 35°C. In addition, cumulative N 2 O emissions for 28 days and mineral N contents in total on day 28 were nearly equal to the N input, which suggests that atmospheric N 2 and other forms were not produced at 35°C (Table 3) . Peaks of N 2 O emission in N-added treatments appeared later at 20°C than at 25°C and 30°C (Fig. 2) . This trend was consistent with soil NO 2 -content, which peaked at 20°C one week later than at 25°C and 30°C (Fig. 1 ). This is because N 2 O production was enhanced by higher NO 2 -content (Castro- Barros et al. 2016) . Cumulative N 2 O emissions declined clearly from 800 mg N kg
to 1200 mg N kg -1 at 35°C while remaining unchanged at other temperatures (Table 2 and Fig. 3) . In other words, the greatest NH 4 + application rates reduced N 2 O emissions at the highest temperature of 35°C. On the other hand, there were no differences in NO 2 -or NO 3 -contents among N-added treatments ( Fig. 1 (Myers 1975) whereas that was 20°C and nitrification was ceased at 30°C in a temperate Canadian soil (Malhi and McGill 1982) . In the present study, nitrification was not suppressed at 35°C.
Conclusions
This study aimed at identifying the effects of N application rates, temperatures and their interactions on N 2 O emissions from Vietnamese agricultural soil treated with high NH 4 + contents under aerobic conditions from 20°C to 35°C. Nitrous oxide emissions in the present study were from autotrophic nitrification, nitrifier denitrification and coupled nitrification-denitrification at 20-30°C. At 35°C, the lowest N 2 O emissions occurred because they were derived only from autotrophic nitrification.
Cumulative N 2 O emissions increased with increasing NH 4 + application rates from 0 to 800 mg N kg -1 and then declined to 1200 mg N kg -1 while emissions increased in the order of 35°C, 20°C
, 30°C, and 25°C. The interactive effects of N application rates and temperature on cumulative N 2 O emissions were also observed. Cumulative N 2 O emissions were suppressed at 1200 N which might be due to slower growth rates of ammonia oxidizing or denitrifying bacteria at 20-30°C, and lower N 2 O emission ratio through NH 4 + to NO 2 -at 35°C. In conclusion, N 2 O emissions were not exponentially correlated with NH 4 + application rates and temperatures. Higher NH 4 + application rates at higher temperatures suppressed N 2 O emissions. 
